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Abstract
Thermalmotion of two liquid lead inclusions attached to the sameﬁxed dislocation in anAl-0.65 at%
Pb alloy is studied in situ at 447 °Cusing transmission electronmicroscopy. Observations of their
motion is recorded on video and analyzed frame by frame. Randomoscillatorymotion of the
inclusions on the dislocation line occurs as a result of theirmutual repulsion and their repulsion from
theﬁxed ends of the dislocation caused by the dislocation line tension. The oscillations of the
inclusions can be considered as correlated thermalmotion in coupled potential wells. The effective
potentials, inwhich the inclusionsmove, and the effective potential of their interactions are evaluated.
It is found that the spatial correlations of the positions of the inclusions on the dislocation depend
strongly on the interaction potential. The observed correlations of the positions of the inclusions
suggest that theymove along their averaged trajectories in a synchronous-likemanner.
1. Introduction
Transmission electronmicroscopy (TEM) observations show that small liquid inclusions of a second phase in a
crystallinematrix can carry out signiﬁcant thermalmotion at elevated temperature.Whilst free inclusions in the
matrix can exhibit ‘traditional’ 3D randomwalk [1–3], one or several inclusions attached to aﬁxed dislocation
exhibit oscillations around the dislocations line [3–7]. This behavior can be explained by elastic interactions
between the inclusions and the dislocation [3, 5, 8]. From thermalmotion data obtained in in situTEM
experiments the diffusion coefﬁcients ofHe bubbles [9] and liquid Pb inclusions [3–5, 10] attached toﬁxed
dislocations inAl-based alloys were determined. It was shown that for inclusions of a given size the diffusivities
of free inclusions and inclusions attached to dislocationswere comparable [3]. Investigation of the diffusion
coefﬁcients as a function of inclusion size of liquid Pb inclusions attached toﬁxed dislocations inAl indicates
that the diffusivity of the inclusions is controlled by step formation on {111}Al/Pb faces of the inclusions in a
wide temperature range [10] (Atomically ﬂat {111} faces on the surface of small liquid Pb inclusions in a
crystalline Almatrix are retained at temperaturemuch higher thanmelting temperature of the inclusions
[11, 12].) in good agreement with themodel proposed byWillertz and Shewmon [13]. However, the size
dependence of the inclusion diffusivity at higher temperatures, when liquid Pb inclusions are rounded, suggests
according to [14] that diffusion of the inclusions is probablymediated by atomic diffusion along theAl/Pb
interfaces [3] or even by atomic bulk diffusion through thematrix [7].
Interactions of second phase inclusionswith dislocations have been investigated in numerous studies since
inclusions often control themechanical properties ofmultiphase alloys [15–17]. However, the inclusions usually
act as immobile obstacles for dislocations or they are dragged along passively with themoving dislocations
[18, 19]. The elastic interaction between inclusions undergoing thermalmotionwhile attached to aﬁxed
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dislocation is usually not considered. As a result,many features of the kinetic behavior of inclusions attached to
dislocations remain almost unexplored, although the problem is of basic interest. In addition, thermalmotion of
inclusions attached to dislocations can contribute to themechanical properties [20] ofmultiphase alloys at
elevated temperature as a large fraction of inclusions is usually attached to dislocations.
Earlier, we had reported the study of thermalmotion of two nano-sized liquid Pb inclusions attached to a
ﬁxed dislocation in anAlmatrix at 447 °Cusing in situTEM,where the indicationwas found the inclusions
interactedwith each other [6]. In our later paper [8] the shape of the potential of the interaction of these
inclusionswas evaluated using the experimental data obtained in [6]. The present paper considers
comprehensively thermalmotion of the same two inclusions attached to the dislocation. Features of their
thermalmotion due to the dislocation elasticity are considered in detail, and the strong evidence of spatially
correlated thermalmotion of the inclusions attached to aﬁxed dislocation is obtained that is the ﬁrst such
observation.Necessary experimental details based on [5, 6] are given in section 2. Section 3.1 presents shortly the
experimental data-set presented originally in [6]. Section 3.2 considers the longitudinal thermalmotion of the
inclusions and their interaction. The effect of elasticity ofﬁxed dislocation on thermalmotion of two inclusions
attached is shown in section 4. Transverse thermalmotion of the inclusions is considered in section 5. In
section 6 spatial correlations in the inclusions thermalmotion are characterized, and theirmanifestations are
also presented.
2. Experimental procedure
Thin foils for TEMwere prepared from a rapidly solidiﬁedmelt spun ribbon of anAl(5N)-0.65 at%Pb(6N) alloy
quenched froma temperature above theAl–Pb liquidmiscibility gap. After a stabilizing anneal at a temperature
of 280 °C for 2 h in anAr atmosphere the equilibratedmicrostructure of the alloy consisted of Pb-rich nano-
sized inclusions embedded in the polycrystallinematrix of almost pure aluminumaccording to the Al–Pb phase
diagram [21].
In situTEMobservations of thermalmotion of the inclusions were carried out at a temperature of 447 °C in a
200 kVPhilips CM20microscope using a single tilt heating stage (Gatan). The accuracy of the sample
temperature control was around 1 °C.The estimated error in the absolute temperature determinationwas
around 5 °C.
The observations were recorded on video (25 video frames per second), digitized, and split into individual
frames, where the coordinates of the positions (centers) of the inclusions weremeasured. The total video-
sequence contained 2687 digitized images. After correction for sample drift, the inclusion trajectories were
measured from their projected positions on each of these images. The inclusion sizes and the dislocation length
weremeasured aswell.More experimental details can be found in [5, 6].
3. Results and analysis
3.1. Character of thermalmotion of the inclusions
Figure 1(a) shows the two liquid Pb inclusionswith rounded shape attached to the same dislocation in the Al
matrix at 447 °C. Fragment of video record of their thermalmotion is available online at stacks.iop.org/JPCO/
1/055001/mmedia as a supportingmaterial4. Their average diameters of the inclusions are 15 nmand 14 nm
respectively. The dislocation segment ﬁxed at two large inclusions at the ends is out of contrast in this picture.
Figure 1. (a)TEMmicrograph (single video frame) of the two inclusions attached to the dislocation segment (out of contrast), whose
ends areﬁxed at two inclusions ofmuch larger sizes. (b)Trajectories of the thermalmotion of the inclusions (shifted vertically to avoid
overlap). After [5].
4
See supplementalmaterial at stacks.iop.org/JPCO/1/055001/mmedia for real-time in situTEMvideo of thermalmotion of the two liquid
Pb inclusions on the dislocation.
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The position of the dislocation line approximately coincides with the z-axis inﬁgure 1(a). The averagemeasured
dislocation length is L=184 nm. The z-coordinates of itsﬁxed ends are zo=0 nmand zL=184 nm. The
trajectories of the thermalmotion of the inclusions are shown inﬁgure 1(b). They are elongated because the
major component of themovement is along the dislocation line. In the following, the coordinates of the 15 nm
and 14 nm inclusions will be referred as (x1, z1) and (x2, z2), respectively.
The positions of the inclusions along the dislocation line (z-axis) and in the transverse x-direction as
functions of time are shown inﬁgures 2(a) and (b), respectively. The graphs show a chaotic-like oscillatory
motion of the inclusions.
3.2. Longitudinal thermalmotion and interaction of the inclusions
The normalized histograms presenting the probability distributions of the z-positions of the inclusions along the
dislocation line have pronouncedmaxima as shown inﬁgure 3(a). The effective potentials inwhich the
inclusionsmove, are derived from these histograms using the equation
U kT N Nln 1z o= - [ ] ( )
following from the Boltzmann distribution law.HereN is the number of points of the trajectory in the bin of
coordinate zwith awidth of 1 nm, N 2687o = is the total number of points of trajectory,T is the absolute
temperature, and k is the Boltzmann constant. The effective potentials obtained using equation (1) are presented
inﬁgure 3(b). Their ‘potential well’ shapes suggest that the inclusions interact with each other andwith the ﬁxed
ends of the dislocation. Because of a reference energy level uncertainty, only the depths of thewells, which are
about 0.3 eV, have a physicalmeaning. For comparison, kT=0.062 eV.
Figure 2.The time dependences of the coordinates of the inclusions (a) along the dislocation and (b) in the perpendicular direction.
After [5, 6].
Figure 3. (a)Normalized histograms of the positions of the inclusions on the dislocation. The binwidth is 1 nm.No=2687 is the total
number of trajectory points. (b)The effective potentials, inwhich the inclusionsmove along dislocation.
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In order to describe the interaction between the inclusions the inter-inclusion distance along the dislocation
Δz=z2−z1 was determined for eachmeasured time point. The time dependence ofΔz demonstrates an
apparently chaotic oscillatory behavior,ﬁgure 4(a). From the histogramof the separation of the inclusionsΔz
shown inﬁgure 4(b) the effective potential of the interaction of the inclusionsUint(Δz) is obtained,ﬁgure 4(c) in
the sameway as it was done above for the z-movements of the inclusion. It demonstratesmutual repulsion of the
inclusions atΔz<Δzm and attraction atΔz>Δzm,whereΔzm corresponds to theminimumUmof the
interaction potential. Indeed, coalescence of the inclusionswas not observed during the entire observation time
ofmore than 10 min [6], although the distributions of the positions of the inclusions on the dislocation partially
overlap,ﬁgure 3(a). Furthermore, the inclusions did not coalesce with the large inclusions at the ﬁxed ends of the
dislocation either. The behavior of the interaction potential is describedwell by the equation
U z
U z
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The powers of 2 and−2, respectively, in the empirical potential were found from a log–log plot of the
coordinates giving straight lines with slopes of 2 and−2 of the potential far from theminimum [8]. Then, the
analytical shape (2)was found by expressing the coefﬁcients in the equationArepΔz
−2+AattΔz
2 through
coordinates of theminimum,Δzm andUm. Fit of (2) to the experimental points givesΔzm=46.4±0.2 nm,
Um=0.26±0.01 eV andUo=−0.05±0.01 eV.Here the adjusted parameterUo is introduced for
uncertainty of the energy level.
4. Effect of elasticity of the dislocation on thermalmotion of the inclusions
In [3, 5], it was shown that aﬁxed dislocationwith an attached inclusion acts as an elastic string returning the
inclusion to its equilibriumpositionwhere the dislocation length isminimal. This is illustrated schematically in
Figure 4. (a)The dependence of the inter-inclusion distance along the dislocationwith time. After [6]. (b)The probability distribution
of the inter-inclusion distance. The binwidth is 1 nm. After [8]. (c)The effective potential of the interaction of the inclusions. Solid
line shows theﬁt with equation (2). After [8].
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ﬁgure 5(a) showing the dislocation segment 0Lwith an attached inclusionP, that due to its thermalmotion is
displaced to a point (ρ, z). The arrow in ﬁgure 1 shows the restoring force F due to the line tension of the
dislocation. The projection of F on theZ-axis is always directed fromnearestﬁxed end of the dislocation, and
that is the reason for the randomoscillations of the inclusion along the dislocation line. The projection of F on
the plane perpendicular to the dislocation line causes random transverse oscillations of the inclusion in the
vicinity of the equilibriumposition of the dislocation.
Figure 5(b) shows schematically aﬁxed dislocationOLwith two attached inclusions (P1 andP2). The
dislocation between them is always stretched due to its line tension as itsmobility ismuch higher, and its inertia
ismuch lower than those of the inclusions. Then, we can consider thermalmotion of the inclusions P1 andP2
alongﬁxed segmentsOP2 andP1L, respectively, seeﬁgure 5(b), as it was done in [3, 5] for a single inclusion on a
ﬁxed dislocation. This explains the appearance of the potential wells, inwhich the inclusionsmove, and the
interaction of the inclusions. Indeed, oscillations of each inclusion lead to randomoscillatory shifts of the
potential well. Spontaneously, shifts of each potential well will contribute to themotion of its associated
inclusion. Then, these inclusions can be considered as randomoscillators coupled to some degree. Thus, the
interaction of the inclusions is expected to introduce a spatial correlation to their steady state thermalmotion.
5. Transverse thermalmotion of the inclusions
Figure 6 shows the averaged trajectories of the inclusions attached to the dislocation. To obtain them the
dislocation segmentwas divided into 1 nm intervals. The average value, 〈x〉 of the x-coordinates of points of the
trajectories of the inclusions in each of the intervals was found.One can see that the averaged positions of the
inclusions form two approximately straight lines, which are nearly parallel and inclined to the dashed straight
line connecting theﬁxed ends of the dislocation. Since the inclusions are attached to the dislocation, their
averaged positions depict the average position of the dislocation. The observed inclination of the averaged
positions of the inclusions from the dashed straight line is presumably due to an anisotropy of the dislocation
energy.
Since the extent of the transverse displacements of the inclusions from the dislocation line characterize the
dislocation elasticity [5], then, for each of the intervals of z the transverse displacements of the inclusions from
Figure 5. (a)The effect of the elasticity of the dislocation segment, which isﬁxed at the points 0 and L on the z-axis, on themotion of
the inclusion P. The arrow F shows the direction of the restoring elastic force. (b)Two inclusions (P1 andP2) attached to a dislocation
ﬁxed at 0 and L.
Figure 6.The values of the x-coordinates of the inclusions averaged over 1 nmbins along z as a function of their z-coordinates. The
dashed straight line connects theﬁxed ends of the dislocation.
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their average position 〈x〉, i.e. δx=x – 〈x〉, were determined for all points lying in a given interval. The
normalized histograms of δx for the inclusions are shown in ﬁgure 7(a). Using the Boltzmann distribution law
the effective potentials, inwhich the inclusionsmove in the transverse direction, were derived from these
histograms, ﬁgure 7(b). Both potentials areﬁtted fairly well to the same parabolic dependence
U
f x
U
2
3X o
d
2d= + ( )
with the effective force constant fd=(12.4±0.3)×10
−2 eV nm–2 andUo=0.135±0.001 eV, which is
introduced because of the uncertainty in the energy level.We note that the theoretical consideration of a single
inclusion attached to aﬁxed dislocation [5] also leads to a parabolic effective potential of its transverse oscillatory
motion.However, as the transversemotions of the inclusions are correlated (see next section), themeasured δx
values are somewhat overestimated as transverse displacements of each of the inclusions contribute to the
measured transverse displacement δx of the other inclusion as each of the inclusions is the end of dislocation
segment for other inclusion, see ﬁgure 5(b), meaning that the value of fd is underestimated.
6. Spatial correlations in thermalmotion of the inclusions
Pearson’s correlation coefﬁcients for the z-coordinates of the inclusions, the x-coordinates of the inclusions, and
the δx-deviations of the inclusions from the average position of the dislocation,Rz,Rx andRδx, respectively, were
determined using the trajectory points of the inclusions within 2 nm intervals ofΔz. The value ofRz in the ith
interval ofΔz is determined using the equation
R
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where z1 and z2 are themeans of the z-coordinates of all points (centers of weight) of the trajectories of the
inclusions, andNi is the number of the data-points in the ith interval ofΔz. (The equations forRx andRδx are
similar.)
The dependences ofRz,Rx andRδX on the longitudinal separation of the inclusionsΔz are shown inﬁgure 8.
The correlation coefﬁcientRz depends strongly on the separation of the inclusions, that is it depends on their
interaction potentialUint, solid line inﬁgure 8(a). The coefﬁcient is close to unity indicating full correlation near
theminimumof the potential, while anti-correlation is observed at the edges ofUint. The correlation coefﬁcient
Rx exhibits a qualitatively similar behavior, ﬁgure 8(b). The correlation coefﬁcientRδx shows a pronounced trend
to decrease asΔz increases, ﬁgure 8(c). The effect of the interaction potential is not seen here. Possibly, this
dependence has featuresmasked by scatter and large errors of the data-points. One can see thatmost data-points
in the graphs ofﬁgure 8 lie outside of the range, where the probability of existence of linear (anti)correlation is
less than 95%.
Inﬁgure 9(a) 〈Δze1〉=〈z1〉 – zo and 〈Δze2〉=zL – 〈z2〉 are, respectively, the average distances of the 15 and
14 nm inclusions from the adjacent ﬁxed ends of the dislocation. Here, 〈z1〉 and 〈z2〉 are the average z-
Figure 7. (a)Normalized histograms of the transverse displacements of the inclusions from their average positions. The binwidth is
0.2 nm. (b)Effective potentials, inwhich the inclusionsmove in the transverse direction. The solid line presents theﬁt to equation (3).
6
J. Phys. Commun. 1 (2017) 055001 S I Prokofjev and E Johnson
coordinates of the trajectory points of the inclusions within 1 nm intervals ofΔz. Remember that zo=0 and
zL=L, then, 〈Δze1〉=〈z1〉 and 〈Δze2〉=L – 〈z2〉. The dependence of 〈Δze1〉 and 〈Δze2〉 as functions of the
inter-inclusion longitudinal separationΔz indicates a correlation between z1 and z2. Furthermore, they show
that the averaged behavior of the system is very close to being symmetrical around themiddle of the dislocation,
〈Δze1〉=〈Δze2〉=½(L –Δz), as shown by the solid straight line inﬁgure 9(a).
The similar dependences of the x-coordinates of the inclusions averaged over 2 nm intervals ofΔz, 〈x1〉 and
〈x2〉, are shown inﬁgure 9(b). In this ﬁgure x-coordinates of the centers of weight of the trajectories of the
inclusions, x1 and x ,2 are taken as zeros. These approximately linear dependences demonstrate strong
correlation of x1 and x2 withΔz. They suggest also a strong correlation between the x-coordinates of the
inclusions. Actually, the relative (mutual) arrangement of these dependences is similar to that of the
dependences of 〈z〉 onΔzwhich can be seen by comparing ﬁgures 9(a) and (b). The dependences of the averaged
transverse displacements 〈δx〉 of the inclusions onΔz display similar behaviors as well,ﬁgure 9(c). So, the
correlation of δx-displacements of the inclusions is expected. Here, thewidth of theΔz intervals is 2 nm. The
scattering of the data-points near the ends of theΔz-range inﬁgure 9 is likely due to poor statistics or/and a
weaker correlation.
Also, the near-linear dependence of the averaged separation of the inclusions in the transverse direction
〈Δx〉=〈x2 – x1〉 on their separation along the dislocationΔz shown inﬁgure 10 indicates on strong correlation
betweenΔx andΔz.
Plotting the z-coordinate for one inclusion as a function of the z-coordinate of the other and vice versa
(ﬁgure 11(a)) displays a similar behavior that is approximately linear. In this ﬁgure the z-coordinates of the
centers of weight of the trajectories of the inclusions, z1 and z ,2 are taken as zeros. Similar plots for the x-
coordinates of the inclusions shown inﬁgure 11(b) demonstratemutual similar correspondence between 〈x1〉
and 〈x2〉 also. Thus, the dependences inﬁgure 11(a) and inﬁgure 11(b) show a strong spatial correspondence of
the averaged positions of the inclusions relative to the centers of weight of their trajectories. This denotes that
their chaotic oscillations along the averaged trajectories shown inﬁgure 6 on average are approximately
synchronous. Furthermore, ﬁgure 11(c) shows the averaged transverse displacements of the inclusions from the
Figure 8.Correlation coefﬁcients for (a) z-coordinates, (b) x-coordinates of the inclusions, and (c) δx-deviations of the inclusions
from the average position of the dislocation as a function of the longitudinal separation of the inclusions. The data-points are
determined for 2 nmwidth intervals ofΔz. Vertical bars depictRz,Rx orRδx ranges around their zero values, where the probability of
existence of linear (anti)correlationwithin correspondingΔz intervals is less than 95%. The solid line in (a) represents the effective
interaction potential,ﬁgure 4(c).
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average position of the dislocation, δx1 and δx2, are also on average approximately synchronous. The scatter of
the data-points near the ends of the ranges inﬁgure 10 is likely due to aweaker correlation or/and aworse
statistics.
Finally, when the z-coordinate of the center of weight of the inclusions zcw=(z1+z2)/2 is located in the
middle part of the dislocation the changes in the averagedΔz values are small as if the systemof the inclusions is
approximating a rigid state, ﬁgure 12. The averagedΔz decreases, when the center of weight is close to one of the
dislocation endsﬁxed at the large inclusions that provide a strong repulsive interactionwith the nearer inclusion.
In otherwords, the inclusions on average form a dumbbell, which contracts only signiﬁcantly near theﬁxed ends
of the dislocation.
Figure 9. (a)Averaged distances of the inclusions from the neighboring ﬁxed ends of the dislocation, (b) the averaged x-coordinates of
the inclusions, and (c) the averaged transverse displacements of the inclusions from the dislocation average positions (δx) as functions
of the longitudinal separation of the inclusionsΔz. In ﬁgure (b) relative x-coordinates of the centers of weight of their trajectories,
(x1 – x1 ) and (x2 – x2 ), are used. The average values are obtained for intervals ofΔz of (a) 1 nmand (b), (c) 2 nmwidth.
Figure 10.Averaged separation of the inclusions in the transverse direction as a function of their separation along the dislocation. The
Δz intervals width is 1 nm.
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Figure 11. (a)The z-coordinate of 15 nm inclusion averaged over 2 nm intervals as a function of the z-coordinate of 14 nm inclusion
and the similar dependence, where the role of the inclusions is exchanged. (b)The x-coordinate of 15 nm inclusion averaged over 2
nm intervals of x-coordinate of 14 nm inclusion and the similar dependence, where the role of the inclusions is exchanged. The
coordinates of the inclusions relative to the centers of weight of their trajectories, (x1 – x1 ), (z1 – z1 ) and (x2 – x2 ), (z2 – z2 ), are used
in (a), (b). (c)The transverse displacement of 15 nm inclusion δx1 averaged over 0.2 nm intervals of the transverse displacement of 14
nm inclusion δx2 and the similar dependence, where the role of the inclusions is exchanged.
Figure 12.The longitudinal separation of the inclusions averaged over 2 nmwidth intervals of z-coordinate of their center of weight,
zcw.
9
J. Phys. Commun. 1 (2017) 055001 S I Prokofjev and E Johnson
7. Conclusions
(1) The thermal behavior of a system of two nano-sized liquid Pb inclusions attached to a ﬁxed dislocation in
aluminum is studied in situ at 447 °Cusing TEM.Using time resolved observations, their trajectories are
determined and analyzed as a function of time.
(2) Oscillatory motion of the inclusions can be explained in terms of thermal motion in coupled potential wells
due to the line tension of the dislocation.
(3) The shapes of the effective potentials in which the inclusions move, and of the effective potential of the
interaction between the inclusions are determined.
(4) Interaction between the inclusionsmediated by the elastic line properties of the dislocation leads to spatially
correlated thermalmotion both along the dislocation line and transverse to it. The observed correlations of
the positions of the inclusions suggest that they on averagemove almost synchronously along their averaged
trajectories. The inclusions on average form a dumbbell, which contracts only signiﬁcantly near theﬁxed
ends of the dislocation.
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